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Introduction

13
The dynamics of flapping filaments in a streaming ambient fluid covers a broadband 14 range of applications (aeronautics, civil engineering, biological flows, etc.) and con-15 stitutes a challenging problem, from the theoretical and numerical point of view [1, 16 2]. In particular, the experiments in soap films performed by [3, 4] are very inter-17 esting in this context, as they can be considered as a reasonable approximation of fluid forces and flexural rigidity (i.e. a bending term in the form of a 4th derivative 23 with respect to the curvilinear coordinate describing the filament). Also, at all time 24 instants tension forces are determined to maintain the inextensibility of the structure.
25
In this simple model the energy balance of the system is driven by the bending forces 26 and fluid forces, as the structure is controlled by an inextensibility constraint which 27 prohibits stretching or elongation motions that would dissipate energy. This system 28 encompasses all the essential ingredients of a complex fluid-structure interaction Navier Stokes solvers [6] . that mainly depends on the filament spacings [7, 8] , could be envisaged either as an 49 unsteady generator of vortical structures, able to energize locally boundary layers 50 on the verge of separation (thus delaying their detachment), or to control the wake 51 behind bluff bodies [9] . 
Method
54
The fluid-structure problem involving the mutual interaction between moving flexible 55 objects and a surrounding fluid flow is tackled using an Immersed Boundary method 56 coupled with a Lattice Boltzmann solver. In the following we will just present brief 57 highlights on the numerical techniques entering in the whole numerical formulation.
58
More details about the numerical methodology can be found in [10] . The fluid flow is modeled by advancing in time the Lattice Boltzmann equation
60
which governs the transport of particles density distribution f (probability of finding 61 a particle in a certain location with a certain velocity). It is often classified as a 62 mesoscopic method, where the macroscopic variables, namely mass and momentum,
63
are derived from the distribution functions f . An excellent review of the method can 64 be found in [11] .
Using the classical BGK approach [12] , the Boltzmann transport equation for the distribution function f = f (x, e, t) at a node x and at time t with particle velocity 67 vector e is given as follows:
69
In this formulation, x are the space coordinates, e i is the particle velocity in the per lattice node (which corresponds to the directions east, west, north, south, center,
81
and the 4 diagonal directions). In Eq. 1 the subscript i refers to these discrete particle 82 directions. As it is usually done, a convenient normalization is used so that the 83 spatial and temporal discretization in the lattice are set to unity, and thus the discrete 84 velocities are defined as follows:
where c is the lattice speed which defined by c = x/ t = 1 with the current 87 normalization. The equilibrium function f (eq) (x, t) can be obtained by Taylor series 88 expansion of the Maxwell-Boltzmann equilibrium distribution [13] : computed using a power series in the particle velocity with coefficients that depend 96 on the actual volume force f ib applied on the fluid. The latter is determined using 97 the Immersed Boundary method, following the formulation described in [10] . In this boundary condition at each marker using:
108
In Eq. 4, the term U d n+1 (X k ) denotes the velocity value at the location X k we wish 109 to obtain at time step completion. It is determined by the motion equation of the 110 filaments given by:
Here, Ri is the Richardson number Ri = gL/U 
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Fluid Structure Interaction of Multiple Flapping … 5 considering the beating of a single filament fixed at one end, and subject to gravity by an out-of-phase flapping is detected. Additionally, the linear stability analyses 175 carried out in [7, 8] 
Fluid Structure Interaction of Multiple Flapping … 7 and by a flapping motion of the filaments (shown in Fig. 4 for the three cases).
181
• When the spacing is small (d/L = 0.1), we observe the mode M1, where the 182 filaments are very close to each other and they behave almost as a single thick 183 filament (see Fig. 3a ), resulting in an in-phase beating of the filaments, as displayed 184 in Fig. 4a . Fig. 3b) , and released when they move apart.
194
• Further increasing the spacing to d/L = 1, the wake interaction weakens even 195 more and the vortex streets behind the filaments decouple (see Fig. 3c ). However, 
221
This transition mode has also been reported in the numerical study of [19] . In their 222 simulations at Re = 100, they also point out another transitional mode where the 223 inner filament is flapping at a frequency reduced by half compared to outer filaments,
224
which we don't observe in our simulations at Re = 300.
225
When more than three filaments are considered, the system is expected to exhibit 226 more transitory modes resulting from the coupling between the described baseline 227 modes (M1, M2 and M3). However, we have only considered here the influence of the filament spacing, but 237 as pointed out by the study of [8] , the influence of the added mass ρ plays also a 238 significant role.
239
For the case of three filaments, a set of three baseline modes have been highlighted: M2 and M3 baseline ones consistently with the theoretical prediction of [8] .
245
Close-term perspectives of this work will be focussed on the shape adaptation 
